Even with rigorous treatments, glioblastoma multiforme (GBM) has an abysmal median survival rate, greatly due to the drugresistant glioblastoma stem cell (GSC) population. GSCs are known to remodel their microenvironment, but the precise role of extracellular matrix components hyaluronic acid (HA) and hyaluronidases (HAases) on the GSC population is still largely unknown. Our objective was to determine how HAase can sensitize GSCs to chemotherapy drugs by disrupting the HA-CD44 signaling. GBM cell line U87-MG and patient-derived D456 cells were grown in GSC-enriching media and treated with HA or HAase. Expressions of GSC markers, HA-related genes, and drug resistance genes were measured via flow cytometry, confocal microscopy, and qRT-PCR. Proliferation after combined HAase and temozolomide (TMZ) treatment was measured via WST-8. HA supplementation promoted the expression of GSC markers and CD44 in GBM cells cultured in serum-free media. Conversely, HAase addition inhibited GSC gene expression while promoting CD44 expression. Finally, HAase sensitized GBM cells to TMZ. We propose a combined treatment of HAase and chemotherapy drugs by disrupting the stemness-promoting HA to target GSCs. This combination therapy shows promise even when temozolomide treatment alone causes resistance.
Introduction
Glioblastoma multiforme (GBM) is the deadliest form of brain cancer with an abysmal median progression-free survival rate of 10.6 months, despite aggressive treatments such as radiotherapy, anti-angiogenic treatments (e.g., bevacizumab), and DNA alkylating agents such as temozolomide [1] . The glioblastoma stem cell (GSC) subpopulation has been identified to have selfrenewal capacity and resistance to currently available GBM treatments. For example, CD133+ GSCs were found to survive high-dose radiation therapy and accumulate in remnant tumors after resection [2] . GSCs are also thought to contribute to chemoresistance through the induction of autophagy, apoptosis, and the unfolded protein response by temozolomide (TMZ) [3] . The ineffectiveness of current GBM treatments can therefore be attributed to their failure to adequately target GSCs.
The tumor microenvironment plays a key role in controlling the fate of GBM cells. For example, GBM migration, chemoresistance, and stemness have been found to be strongly dependent on the extracellular matrix (ECM) composition [4] [5] [6] . Hyaluronan (HA) is the main component of the brain ECM, particularly in the white matter tracts that support glioma invasion, and GSCs interact with HA in their microenvironment via receptors CD44 and RHAMM [7] . HA metabolism in the ECM is controlled by HA synthases (HAS) and hyaluronaidases (HAases), and HA-CD44 signaling has been found to promote cancer cell proliferation, invasion, and chemoresistance [8, 9] . HA's role in protecting cancer cells from chemotherapy therefore makes it an attractive molecule for targeted therapy.
Normal proliferating cells shed their HA coat via the action of HAase, and the failure to lose this coat is implicated in cancer development. Higher HA levels were correlated with worse prognosis, and cancer cells were found to induce HA production in surrounding stromal cells [10] . Cancer cells are known to actively remodel their microenvironment, manipulating the mosaic of differently sized HA molecules in the brain to suit their unique migration and invasion patterns. Since HAases break down polymeric HA, they have been found to improve physical drug delivery with HA depletion lowering tumor interstitial pressure, increasing perfusion, and reversing hypoxia [11, 12] . PH20, the human recombinant form of HAase, improved viral spreading of an oncolytic virus in GBM, and phase II and III clinical trials of PH20 plus chemotherapy in metastatic pancreatic ductal adenocarcinoma are currently underway [13, 14] .
While HAases appear to successfully overcome physical drug delivery barriers in cancer, it is unknown how HAases specifically interact with GSCs. We hypothesized that HAase would sensitize GSCs to chemotherapeutics by inhibiting HA-CD44 signaling that promotes stemness. To test this hypothesis, we studied the effect of both HA and HAase on U87-MG and patient-derived GBM D456 cells enriched for GSCs. We also investigated the impact of combining HAase and TMZ treatment on proliferation.
Methods

Glioblastoma Bio Discovery Portal
The multi-gene prognostic index for a group of HA-related genes (HAS1, HAS2, RHAMM, and CD44) was analyzed by GBM molecular subtype using the National Cancer Institute's Glioblastoma Bio Discovery Portal software (GBM Bio-DP; https://gbm-biodp.nci.nih.gov), which accesses and visualizes data from The Cancer Genome Atlas (TCGA) [15] . 197 samples were analyzed using Cox proportional hazards model. Each sample's prognostic index was determined by averaging individual gene expression from the Cox regression coefficient. Prognostic index was stratified into highest and lowest expression quartiles for both the entire cohort and each molecular subtype: classical, mesenchymal, proneural, and neural [16] .
Cell Culture
Two glioblastoma cell types were used: U87-MG cell line (ATCC, Manassas, VA) and D456 glioblastoma cells. D456 is a proneural subtype patient-derived xenograft GBM line kindly provided by Dr. G. Yancey Gillespie (Department of Neurosurgery, University of Alabama at Birmingham) and originally established by Dr. Darrell Bigner (Duke University Medical Center). D456 is derived from a human pediatric fronto-parietal GBM directly implanted into the flank of immunocompromised mice, as previously described [17] .
Both cell types were grown in either GSC-enriching sphere culture media NBE or serum containing adherent culture media MEM (for HAase-TMZ experiments) at 37°C in a 5% CO 2 environment. NBE consists of Neurobasal-A media (Gibco) supplemented with 1 mM L-glutamine (Gibco), 8 μg/mL heparin (Akron biotechnology), 0.5X B27 (Gibco), 1% Penicillin/Streptomycin (Corning), 20 ng/mL EGF (Shenandoah Biotechnology), and 20 ng/mL bFGF (Shenandoah Biotechnology). MEM is minimum essential media (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% Penicillin/Streptomycin (Corning).
HA and HAase Treatment
For HA treatment, both U87-MG and D456 cells were treated with 60 kDa sodium hyaluronate (Lifecore Biomedical) at various concentrations (i.e., 0, 20, 100, or 200 μg/mL). Cells were grown in 6-well plates with 3 mL NBE media per well and treated for a full passage length: 6 days for U87-MG and 5 days for D456 cells. For HAase treatment, both U87-MG and D456 cells were treated with HAase from bovine testes Type 1-S lyophilized powder, 400-1000 units/mg solid (Sigma) suspended in PBS at various concentrations (i.e., 0, 15, or 30 U/mL). Cells were grown in NBE media in 6-well plates for a full passage length.
Extreme Limiting Dilution Analysis (ELDA)
As a functional measure of stemness after HA treatment, U87-MG and D456 cells were seeded at 1, 2, 3, 5, and 10 cells/well in 96-well plates containing 100 μL of NBE media (0 μg/mL HA or 100 μg/mL HA) per well (n = 16 wells per seeding density and media condition). On day 14, the number of wells containing spheres were counted, with a sphere defined as a cell aggregate of 50 μm diameter or larger. Analysis was conducted using the ELDA software from the Walter+Eliza Hall Bioinformatics Institute of Medical Research [18] .
Flow Cytometry
To measure SOX2-and CD44-positive populations via flow cytometry, U87-MG and D456 cells were cultured in NBE with varying concentrations of HA for a full passage. For SOX2 measurement, cell pellets were fixed and permeabilized with BD Cytofix/Cytoperm™ solution (BD) and BD Perm/ Wash buffer (BD). Pellets were then stained with rabbit anti-SOX2 IgG polyclonal primary antibody (Proteintech) and goat anti-rabbit IgG Alexa Fluor 488 polyclonal secondary antibody (EMD Millipore). For CD44 measurement, cell pellets were stained with mouse anti-human IgG 2b, κ CD44 APC conjugated antibody (BD Pharmingen™). Flow cytometry was performed with BD Accuri™ C6 Flow Cytometer.
Microscopy
Cell culture brightfield micrographs were obtained with VWR VistaVision microscope. Confocal microscopy was used to qualitatively examine baseline protein-level expressions of NANOG, SOX2, and HYAL1 in D456 cells cultured in NBE. Cell pellets were flash frozen in liquid nitrogen and fixed and permeabilized with BD Cytofix/Cytoperm™ solution (BD) and BD Perm/Wash buffer (BD). All cells were stained with DAPI (Invitrogen) and respective antibodies. Cells were stained with mouse anti-human IgG 1,κ NANOG PE conjugated antibody (BD), mouse anti-SOX2 IgG 1,κ Alexa Fluor 647 conjugated antibody (BD), or mouse anti-HYAL1 IgG 1 monoclonal primary antibody (Santa Cruz Biotechnology) and rat anti-mouse IgG 1 APC secondary antibody (BD). All images were obtained with Leica TCS SP2 AOBS Confocal Microscope with 4% laser power at the University of Alabama Optical Analysis Facility.
Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
Primers were designed by retrieving nucleotide sequences from NCBI gene database for SOX2, NANOG, CD133, NES, OCT4, CD44, RHAMM, HAS2, HYAL1, HYAL2, MDR1, EGFR, and STAT3. Primer sequences are described in Supplementary  Table 1 . Primers were synthesized by Invitrogen.
The GeneJet RNA Purification kit (Thermo Scientific) was used for RNA isolation and RNA was quantified using Qubit 2.0 fluorometer (Life Technologies-Invitrogen, Carlsbad, CA, USA) and Qubit RNA HS Assay Kit (Invitrogen), or NanoVue Plus spectrophotometer (Biochrom, Hollison, MA). cDNA was synthesized using qScript cDNA SuperMix (Quanta Biosciences) and Mastercycler Nexus Gradient Thermal Cycler (Eppendorf, Hauppauge, NY). Real-time PCR was performed using PowerUp SYBR Green Master Mix (Applied Biosystems) and the StepOnePlus Realtime PCR System (Applied Biosystems). StepOne Software (v2.3) was used for the data analysis with the ΔΔCt method.
Combined HAase-TMZ Treatment and Proliferation Assay
Combined HAase-TMZ treatment was performed in a 96-well plate. 5000 U87-MG or D456 cells were seeded per well in 100 μL NBE or MEM and cultured for 72 h prior to treatment to allow for NBE samples to form small tumorspheres and MEM samples to become confluent. At 72 h, cells were treated with varying concentrations of HAase (0 U/mL, 15 U/mL, or 100 U/mL) and temozolomide (400 μM for U87-MG and 200 μM for D456) (TMZ; Enzo ALX-420-044-M025) dissolved in DMSO (VWR International). Control wells were treated with DMSO and PBS, and media-only cell-free wells were used for OD value normalization. Cells were treated with HAase-TMZ for 48 h, at which time a WST-8 assay was performed according to manufacturer's protocol.
Statistical Analyses
All experiments were performed with at least triplicates for each condition. Data were analyzed using a 2-tailed t-test with equal or unequal variance and ANOVA. F-test was used to determine variance prior to t-test or ANOVA. P-values less than 0.05 were considered significant.
Results
HA-Related Gene Expression in GBM is Correlated with Decreased Survival
The TCGA Bio-DP was used to compare the effects of HArelated gene expression on prognostic index of large dataset of GBM patient samples using the Cox model. The highest quartile multi-gene expression of the group of HA-related genes HAS1, HAS2, CD44, and RHAMM was found to be significantly correlated with decreased prognostic index, while the lowest quartile expression of these HA-promoting genes was significantly correlated with increased prognostic index (Fig. 1a) . When the patient samples were divided into molecular subtype, classical, proneural, and neural subtypes were found to have significant hazard ratios (Fig. 1b) . This analysis of existing GBM patient datasets emphasizes the importance of targeting HA-interactions in GBM in order to design more effective therapeutics.
GSC Markers, HA Receptors, and Drug Resistance Genes are Highly Co-expressed in GBM Expressions of GSC marker SOX2 and HA-receptor CD44 were measured for U87-MG and D456 cells grown in NBE using flow cytometry. Over 80% of both cell types expressed both markers with or without soluble HA addition (Fig. 2a) . This established a large GSC population in both cells, as well as the potential to target HA-CD44 interactions. Confocal microscopy was also performed on dissociated D456 spheres and we found that GSC markers NANOG and SOX2 were very highly expressed, while hyaluronidase gene HYAL1 had low expression (Fig. 2b) . Baseline gene expression of GSC markers, HArelated genes, and drug resistance markers was compared between the cell types via qRT-PCR (Fig. 2c) . U87-MG was found to have significantly higher NES, RHAMM, and EGFR expression, while D456 had higher NANOG expression. In general, U87-MG had higher drug resistance gene expression, which suggests that it would be more resistant to chemotherapy drugs, potentially through its HA-CD44 interactions. MDR1 was not detected in D456 cells, suggesting it may show increased chemosensitivity compared to U87-MG cells.
HA Promotes GSC Sphere Formation
When GBM cells were treated with increasing concentrations of soluble HA, there was a noted increase in sphere size in both U87-MG and D456; however, spheres remained quite heterogeneous in size and shape (Fig. 3a) . Since neurosphere formation is a key functional characteristic of GSCs [19] , our results indicate that HA enhances the GSC microenvironment. We also quantitatively assayed how HA treatment affects gene expression of HAases, GSC markers, and the HA receptor CD44 using qRT-PCR (Fig. 3b) . We found that 100 μg/mL of HA increases GSC markers, HYAL2, and CD44 in U87-MG cells. In addition, HA significantly promoted NANOG expression in both cell lines, whereas NES, CD133 (PROM1), were enhanced only in U87-MG cells. Of particular note is that U87-MG cells had relatively low baseline NANOG expression in comparison to D456, but with HA addition increased its expression 5-fold. Since CD44 was also upregulated with HA treatment, we propose that HA is maintaining the GSC microenvironment through signaling with CD44. In order to exclude that HA is impacting cell aggregation rather than sphere formation, we tested for clonogenicity using ELDA with and without 100 μg/mL HA treatment. HA either improved the sphere forming ability (i.e., clonogenicity) for U87-MG, with a significant difference in stem cell frequency between HA-treated and non-HA-treated cells (Fig.  3c) . D456 similarly showed higher sphere forming ability upon treatment with HA (steeper slope in Fig. 3c) , albeit not at statistically significant levels. Stronger sphere forming ability is a sign of higher self-renewal, a key property of GSCs, and non-stem GBM cells have been shown to acquire increased self-renewal capacity upon TMZ treatment measured via ELDA [20] . These data indicate that intermediate molecular weight HA in the brain microenvironment supports the GSC population in U87-MG and D456 cells.
HAase Causes Differentiated Phenotype and Decreased Proliferation in U87-MG Cells
Since we found that HA is involved in preserving the GSC population, we hypothesized that HAase could disrupt the GSC microenvironment through interrupting HA-CD44 signaling. We tested this by treating U87-MG and D456 cells with varying concentrations of HAase. We found that HAase treatment resulted in an adherent morphology consistent with a differentiated phenotype in U87-MG cells, as well as notable breakdown of spheres into single cells (Fig. 4a) . However, these changes were not seen in micrographs of D456 cells, presumably due to its denser and tighter spheres resisting the effects of HAase on cell-cell interactions. HAase also caused significantly decreased cell proliferation in U87-MG cells at the 30 U/mL concentration, but did not have significant growth effects on D456 cells (Fig. 4b) . These data suggest that in U87-MG cells, HAase promotes an adherent, differentiated phenotype and inhibits proliferation.
HAase Decreases Stemness Through CD44-Mediated Signaling
To assess the effects of HAase on GSCs at the genotypic level, we performed qRT-PCR on U87-MG and D456 cells treated with HAase for a full passage. We tested for stemness markers CD133, SOX2, NES, and NANOG, and found that HAase caused a significant decrease in SOX2 for U87-MG and CD133 for D456 cells (Fig. 5a) . To determine the route of HAase's impact on stemness, we measured expression of HA-related genes HAS2, RHAMM, and CD44 (Fig. 5b) . In both cell lines, there was a significant increase in HA- Fig. 2 At baseline, GSC markers, HA receptors, and drug resistance genes are highly co-expressed in GBM, with cell-line dependence. a Percent of population expressing SOX2 and CD44 within U87-MG and D456 cells treated in NBE with varying concentrations of HA for a full passage length, measured via flow cytometry (mean ± SE; n = 3). b Confocal microscopy was performed on D456 cells grown in NBE for NANOG, SOX2, and HYAL1 (scale bars = 200 μm). c qRT-PCR gene expression of (left to right) GSC markers, HA-related genes, and drug resistance genes in U87-MG and D456 cells. Reported as relative expression compared to housekeeping gene GAPDH with log 10 transformation and significance noted between cell lines. HYAL1 and MDR1 were lower than detection level (n.d.) in D456 (mean ± SE; n = 3; * p < 0.05, † p < 0.01, and ‡ p < 0.001 receptor CD44 expression, suggesting that HAase has an inhibitory effect on stemness through CD44-mediated signaling. Drug resistance genes STAT3, EGFR, and MDR1 were also tested, and U87-MG showed an unexpected significant increase in MDR1 while D456 showed a very significant decrease in STAT3 (Fig. 5c) . The increase in MDR1 could be explained by U87-MG's higher drug resistance gene expression at baseline and lessened impact to HAase, compared to D456. STAT3 is regulator of gliomagenesis that is constitutively activated in GBM, and its decrease is correlated with decreased survival, invasion, angiogenesis, and immune suppression of GBM cells [21] . Overall, these data show that HAase reduces expression of GSC markers SOX2 in U87-MG cells and CD133 in D456 cells by CD44-mediated signaling, and that HAase decreases expression of the transcription factor STAT3 in D456 cells.
HAase is Cytotoxic to GBM Cells and Increases TMZ Sensitivity in GSC-Promoting Culture
To examine the impact of HAase combined with chemotherapy drugs, we measured proliferation of GBM cells treated with TMZ and/or HAase via WST-8. Both 200 μM and 400 μM concentrations of TMZ were tested on U87-MG cells, and due to a higher drug resistance of U87-MG to TMZ, 400 μM was chosen as the most appropriate concentration for further studies. D456 cells were sensitive to TMZ at 200 μM, so that concentration was used. We found that after 48 h of treatment, U87-MG cells grown in serum-containing media showed a cytotoxic effect of HAase alone but no significant effects when HAase was combined with TMZ (Fig. 6a) . However, U87-MG cells grown in GSC-promoting NBE media showed both a cytotoxic effect of HAase alone as well as a significant combined effect with TMZ at the higher concentration 100 U/mL of HAase (Fig. 6b) . Additionally, U87-MG grown in both serum and NBE showed a surprising increase in proliferation upon TMZ treatment. This may be due to TMZ causing drug resistance by converting differentiated GBM cells into highly proliferative GSCs, as has been found with TMZ primary chemotherapy in previous studies [22] . In D456 cells, there was no increased proliferative effect of TMZ alone and HAase was cytotoxic at all conditions (Fig.  6c) . Additionally, a significant combined effect of HAase and TMZ at both 15 U/mL and 100 U/mL of HAase was seen for D456 cells. Overall, these data demonstrate that HAase preferentially sensitizes GSCs to TMZ.
Discussion
At this time, little is known about the role of HAase in GSCs. There have been contradictory studies on the roles of HYAL1 and HYAL2 in tumor progression, but these paradoxes were attributed to dose-dependent effects [23] . Even though bovine HAase has been found in the past to improve patient survival when added to chemotherapy through degrading physical drug delivery barriers and increasing drug perfusion, much of its study was halted due to the bovine HAase causing severe allergic reactions in patients [12, 24, 25] . Specifically, in an astrocytoma study, 20% of patients had allergic reactions after being treated with bovine HAase intravenously [26] . However, a new human recombinant form of HAase (Hylenex™) has been recently created that has not caused allergic reactions and is currently being used in several clinical trials in PEGylated form [27] . This presents an opportunity to reconsider the therapeutic role of HAase in GBM, particularly on the drug-resistant GSC population.
Our data showed that HAase had a cytotoxic effect on both the established U87-MG cell line and patientderived D456 cells grown in GSC-promoting media. When combined with TMZ, HAase had a synergistic effect only at the higher concentration of HAase (100 U/mL) for U87-MG cells, and at both low (15 U/mL) and high concentrations of HAase for D456 cells. These cell line differences can be attributed to U87-MG having significantly higher drug resistance gene expression (EGFR and MDR1) at baseline compared to D456 cells. In addition, U87-MG cells required higher doses of TMZ than D456 cells to obtain similar effects on proliferation. Therefore, D456 cells are likely more chemosensitive and responsive to the synergistic effects of HAase and TMZ than U87-MG cells.
An unexpected result was the increase in relative cell number when U87-MG was treated with TMZ alone. This could have been due to TMZ killing the non-GSC population, leaving behind only the more drug-resistant GSCs. A previous study found that TMZ failed to target the quiescent GSClike population that sustains long-term tumor growth; the quiescent GSC-like cells are the source of highly proliferative tumor cells produced at a later time [28] . This emphasizes the importance of effective first-line chemotherapy for GBM, as improper chemotherapy regimens can increase stemness and make tumors even harder to treat. There is currently no standard of care for treatment of recurrent GBM and second-line chemotherapy has so far shown only discouraging results [29] . Adding HAase to drugs could allow GSCs to be targeted during early treatments to avoid recurrence.
As for the role of the HA receptor CD44 in HAase treatment, we found that HAase increased expression of CD44 while it decreased SOX2 for U87-MG and CD133 for D456 cells. While CD44 has previously been suggested to be a GSC marker itself, a recent study found that CD44 knockdown actually increased the stemness phenotype and increased GSC markers CD133, NES, and OCT4 [30] . This suggests that CD44 may not be an appropriate GSC marker and our observed increase in its expression did not necessarily correlate with an increase in stemness. CD44 has also been found to be essential for the catabolic function of both exogenously and endogenously expressed HYAL1 and HYAL2 [31] .
In another study, HYAL2 overexpression caused CD44 to lose half of its capacity to bind exogenous HA as well as decreasing cell motility, showing that HAase disrupts formation of the HA pericellular coat through interaction with CD44 [32] . Thus, in our experiments, HAase interactions with CD44 may be forcing endogenous HA to compete for CD44 interactions, and thereby inhibiting HA's ability to protect GSCs.
In summary, the combined HAase-TMZ treatment of GBM showed promise in both decreasing stemness and creating a synergistic therapeutic effect in vitro. Our data also warrant future study of HAase and chemotherapy combination treatment in vivo and in other cancers associated with accumulation of HA in the ECM, including the breast, lung, ovary, and gastrointestinal tract [33] . We anticipate our findings would be useful for developing better chemotherapy regimens to target the drug-resistant GSC population causing tumor recurrence. Fig. 5 HAase decreases stemness through involvement of CD44 signaling. qRT-PCR gene expression of U87-MG and D456 cells treated with HAase for a full passage length. a GSC markers CD133, SOX2, NES, and NANOG. b HA-related genes HAS2, RHAMM, and CD44. c Drug resistance genes STAT3, EGFR, and MDR1. MDR1 was not detected in D456 cells. All genes reported as relative expression compared to housekeeping gene GAPDH (mean ± SE; n = 3;* p < 0.05, † p < 0.01) Fig. 6 HAase is cytotoxic to GBM cells and increases TMZ sensitivity in GSC-promoting culture. a Treatment of U87-MG cells grown in MEM media containing serum (+TMZ = 400 μM). b Treatment of U87-MG cells grown in GSC-promoting NBE media (+TMZ = 400 μM). c Treatment of D456 cells grown in GSC-promoting NBE media (+TMZ = 200 μM). Relative cell number was measured via a WST-8 assay after 48 h treatment with TMZ and/or HAase on Day 3 (+HAase = 15 U/mL; ++HAase = 100 U/mL). Both normalization and significance were determined relative to DMSO/PBS treated control wells (mean ± SE; n = 8; * p < 0.05, † p < 0.01, ‡ p < 0.001, and § p < 0.0001)
